The nucleosome has a central role in the compaction of genomic DNA and the control of DNA accessibility for transcription and replication. To help understanding the mechanism of nucleosome opening and closing in these processes, we studied the disassembly of mononucleosomes by quantitative single-molecule FRET with high spatial resolution, using the SELEX-generated ''Widom 601'' positioning sequence labeled with donor and acceptor fluorophores. Reversible dissociation was induced by increasing NaCl concentration. At least 3 species with different FRET were identified and assigned to structures: (i) the most stable high-FRET species corresponding to the intact nucleosome, (ii) a less stable mid-FRET species that we attribute to a first intermediate with a partially unwrapped DNA and less histones, and (iii) a low-FRET species characterized by a very broad FRET distribution, representing highly unwrapped structures and free DNA formed at the expense of the other 2 species. Selective FCS analysis indicates that even in the low-FRET state, some histones are still bound to the DNA. The interdye distance of 54.0 Å measured for the high-FRET species corresponds to a compact conformation close to the known crystallographic structure. The coexistence and interconversion of these species is first demonstrated under non-invasive conditions. A geometric model of the DNA unwinding predicts the presence of the observed FRET species. The different structures of these species in the disassembly pathway map the energy landscape indicating major barriers for 10-bp and minor ones for 5-bp DNA unwinding steps.
T he nucleosome, the basic unit of genome compaction (1) , consists of Ϸ2 turns of double-stranded DNA wound around a histone protein octamer. Its structure is known to a resolution of 1.9 Å (2). DNA sequence, chemical modifications and histone composition modulate gene activity through this structure.
Central to nucleosomal function is its restructuring during processes that act on DNA, e.g., transcription or replication. Biochemical data indicate that nucleosome dissociation is temporary. Mechanisms for nucleosome unfolding, unwrapping or repositioning have been proposed (3), but so far none has been proven by direct physical evidence (e.g., detection of intermediate states). Here, we use single molecule Förster resonance energy transfer (FRET) to obtain quantitative structural information for elucidating such mechanisms.
Bulk solution FRET is a proven tool for measuring average distances; nucleosome dynamics have been quantified by FRET between dyes attached to DNA and/or histone proteins (4) (5) (6) . Analyzing FRET from single molecules (7, 8) can give detailed information on structural diversity; e.g., FRET on surfacetethered nucleosomes demonstrated spontaneous structure fluctuations (9, 10) , whereas confocal spFRET experiments (11, 12) on freely diffusing single nucleosomes detected structural subpopulations under various conditions.
The transit of a single molecule through the laser focus also provides information complementary to simple FRET efficiencies, e.g., fluorescence lifetime and anisotropy. Such multiparameter fluorescence detection (MFD) with appropriate data analysis allows characterizing heterogeneous populations and structural substates in molecules (13, 14) . Here, we applied MFD to FRET data from mononucleosomes reconstituted from recombinant histones on a dye-labeled 170-bp DNA fragment. Using population-filtered f luorescence correlation analysis, modeling of possible dye positions, and an analysis of saltdependent nucleosome dissociation, we could unravel intermediates in the assembly pathway of nucleosomes.
Results and Discussion
Multiparameter Analysis Detects Multiple Nucleosomal Species. The disassembly studies use the idea that for a fully extended DNA fragment no significant FRET is expected due to the 93-bp separation between the donor Alexa Fluor 488 and the acceptor Alexa Fluor 594 (R DA ϭ 306 Å) as shown in Fig. 1A . Within the intact nucleosome the dyes approach each other to Ͻ70 Å (Fig.  1B) , enabling efficient FRET. The nucleosomes were reconstituted on one of the strongest positioning sequences ("Widom 601") (15) to ensure a high sample homogeneity.
For single-molecule experiments, mononucleosomes were diluted to a final concentration of Ͻ20 pM. After mixing, data were taken for Ͼ1 h to analyze the sample by counting single molecules. Labeled molecules generate brief fluorescence bursts during their passage through a confocal detection volume (diffusion time Ϸ 3.5 ms). Single-molecule events were selected from the signal by threshold criteria and signal intensities, lifetimes (), and anisotropies (r) of the donor (D) and acceptor (A) probes were determined. After correcting for mean background signal, spectral cross-talk, direct acceptor excitation and detection efficiencies we obtained the FRET efficiency E (see SI Appendix, section 2.1).
Two-dimensional frequency histograms of E against donor lifetime in the presence of acceptor ( D(A) ) are shown in Fig. 2 A and B Left. The corresponding 1D parameter histograms are given as projections. To check the stability of the sample, E is plotted against measurement time ( Fig. 2 A and 
B Right).
Three populations with different fluorescence properties are immediately distinguishable in Fig. 2 A. One small population is characterized by E and D(A) similar to those of a free donor dye (E Ϸ 0 and D(A) Ϸ 4 ns). It displays little to no FRET and will be referred to as Low-FRET and D-Only (LF ϩ DOnly) (for details see Nucleosome Subpopulations Show Distinct Dissociation Properties at Low Salt Concentration and pM Dilution). The other 2 major populations overlap and display higher FRET, and shortening of the donor lifetime. These species are FRET-active and will be denoted as Mid-FRET (MF) (E Ϸ 0.32; D(A) Ϸ 2.9 ns) and High-FRET (HF) (E Ϸ 0.51; D(A) Ϸ 2.2 ns). Based on the structure in Fig. 1B we may assign MF and HF to conformations in which the DNA is wrapped around the histones and LF to species where the DNA is more extended.
At low salt concentration (Fig. 2 A) , most events showed FRET and the populations remained stable over time, demonstrating good sample integrity, negligible photobleaching and insignificant sample adsorption to the coverslip. At 50 mM NaCl (Fig. 2B ) a large fraction of the FRET population converted into LF (see below).
A detailed MFD analysis ensured that the changes in FRET efficiency were indeed due to different structures and not due to local quenching interactions or orientation artifacts. (i) Analysis of the 2D E-D(A) frequency histograms showed that the measured data followed the theoretical relationship between D(A) and E predicted for purely FRET-related D quenching (red curves in Fig. 2 A and B) (see SI Appendix, section 2.2). (ii) To justify dynamic isotropic averaging of donor and acceptor dipole moments, resulting in a mean orientation factor 2 ϭ 2/3, we analyzed the anisotropies of the fluorophores. Compared to a free DNA, which shows a mean donor rotational correlation time of D ϭ 0.63 ns (16) the observed increase in D when attached to the nucleosome is small ( D ϭ 1.16 ns) (see Fig.  S1 A). The assumption of 2 ϭ 2/3 is further supported by modeling the sterically allowed fluorophore positions obtained by MD simulations (Fig. 1B) (16) of free DNA. We estimated that 7.4% of all donor and 39% of all acceptor dye positionsaccessible in free DNA-were blocked by the proximity of the histones. With the transition dipole moments of the remaining dye positions we computed 2 ϭ 0.65, a value close to that of mobile dyes attached to free DNA ( 2 ϭ 0.67 Ϯ 0.01). A corresponding analysis of acceptor anisotropy also revealed a single dye population (see Fig. S1 B and C). To conclude, the multiparameter analysis proves that the differences in E are indeed due to varying DA distances. 
Nucleosome Subpopulations Show Distinct Dissociation Properties at
Low Salt Concentration and pM Dilution. Previous work showed dissociation of nucleosomes at higher salt and/or at small nucleosome concentration (9, 11, 17) . So far no analysis exists of potential conformational changes and intermediates upon nucleosome destabilization. To address this question we analyzed the FRET data by probability distribution analysis (PDA) of the photon counts as described elsewhere (18) (19) (20) . The FRET efficiency histogram is affected by the stochastic nature of photon detection (shot noise) and other sources of dynamic or static heterogeneity. Using an exact description for the theoretical shot noise distribution, PDA allows us to separate shot noise from inhomogeneous broadening (see SI Appendix, section 2.3).
Fig . 2C shows a PDA of a nucleosome sample at 25 mM NaCl. To minimize statistical uncertainty we combined all bursts of a 1-hour measurement into a single PDA analysis. Judging the quality of the fit by the reduced r 2 and weighted residuals, PDA showed unambiguously that at least 4 species are required to describe the data. Statistical uncertainties (1 standard deviation) (see SI Appendix, section 2.4) were calculated from multidimensional (Table S1 ) and from 2D r 2 surfaces (Fig. S2E ). Moreover, a fixed DA distance for each FRET species is not sufficient, and Gaussian distance distributions, each with a mean interdye distance (R DA ) and a distribution half-width (HW), had to be used instead. The R DA values and standard deviations were 54.0 Ϯ 0.4 Å and 63.1 Ϯ 0.4 Å for the HF (red) and the MF species (yellow), respectively. The half-widths (HW) and standard deviations of 3.0 Ϯ 0.3 Å are essentially identical for both species.
PDA also shows that the broad population near zero energy transfer consists of 2 species: (i) a very broad distribution of double labeled molecules showing low to very low FRET (referred to as Low-FRET (LF), blue line), and (ii) molecules labeled only with a donor (DOnly, pink line). The two are easily distinguishable, because LF shows direct acceptor excitation and a mean FRET efficiency ͗E͘ ϭ 0.047 whereas DOnly had no acceptor signal. At all salt concentrations PDA gave DOnly fractions of ͗x DOnly ͘ ϭ 0.09 Ϯ 0.015 that did not change with time. In contrast, the fraction of LF molecules (blue) increased significantly with time at the expense of the FRET species, especially MF (see Relative Stability of Nucleosome Subspecies Depends on NaCl Concentration). The DA distances did not change with time and NaCl concentration (see Table S2a ).
To further understand the nature of the LF species, we compared it to free DNA fragments (shown in Fig. 2D ), where PDA also required a broad Gaussian distribution with R DA ϭ 103 Å and HW ϭ 18 Å for an appropriate description. The shaded area represents the region with high uncertainties at distances R DA Ͼ 2R 0 . The only relevant contribution to the mean FRET efficiency ͗E͘ ϭ 0.047 comes from the tail of the Gaussian distribution toward higher E (up to E ϭ 0.5) (see SI Appendix, Eq. 13 and Table S2b) .
Approximating DNA by a worm-like chain model (see SI Appendix, section 3.2, Eq. 17) a mean FRET efficiency of only ͗E͘ Х 0.01 would be expected due to fast bending motions in the microsecond to millisecond range (21) . Our FRET analysis, however, yielded a broadly distributed species, which is stable for at least the diffusion time of some milliseconds. We attribute this fraction with DA distances R DA Ͻ 100 Å to preexisting sequence-dependent bending or higher bendability in the DNA (22) . The fact that the same LF species are also formed by disassembly of nucleosomes indicates extensive histone dissociation at pM concentrations and higher salt concentration (see
Nucleosome Dissociation Does Not Completely Proceed to Free DNA).
Finally we checked whether the FRET distribution was broadened due to dynamical changes between substates during the diffusion time. PDA with time windows of 1 and 3 ms (see Fig.  S2 C and D) , using a model consisting of only static distributions, gave the same fit results independently of the time window used. This implies that the 4 populations did not change during the millisecond dwell time.
Relative Stability of Nucleosome Subspecies Depends on NaCl Concentration. The time evolution of the DA populations at different NaCl concentrations is plotted in Fig. 3A . At 5 mM NaCl both HF and MF populations remained stable over time, whereas at higher salt their proportions decreased significantly, most pronounced for the MF species (e.g., Fig. S2 A and B) . This implies that the HF species is considerably more stable. The solid lines describe the interconversion using a model with first order decays for the HF and MF species linked to a growth term for the LF species. A global fit to all time points yields apparent relaxation times for HF and MF of the order of 700 to 1,000 s for all conditions (for details see SI Appendix, section 3.3, Eq. 18 and Table 4 0.09, 0.21 Ϯ 0.07 and 0.08 Ϯ 0.02, for the HF, MF, LF and DOnly species respectively) demonstrate that the destabilization is not caused by sample handling but indeed by the salt. Notably, at moderate salt the HF, MF-populations did not drop to zero, suggesting that these species approached a reversible equilibrium with LF. Fig. 3B summarizes the equilibrium fractions for all 3 species (obtained from a global fit) as a function of NaCl concentration. Although low salt preferentially destabilizes the MF species, at Ͼ25 mM NaCl the HF species also starts to dissociate.
High FRET Species Represents the Intact Nucleosome.
To obtain a structural model of the FRET subpopulations, we determinedbased on the crystal structure 1KX5-all possible positions that the fluorophores may occupy when they are attached to the nucleosomal DNA via a flexible C6-linker. Only the histone core without the protruding histone tails was considered. Sterically allowed positions of the dyes on DNA were from ref. 16 . and aligned to the nucleosome as described in SI Appendix, section 2.6. Views of the nucleosome with aligned donor and acceptor dye clouds defining their accessible space are shown in Fig. 1B . The distance between the 2 mean dye positions, R mp ϭ 58.6 Å, translates to a mean FRET efficiency of E mp ϭ 0.42. However, experiments do not allow one to measure E mp but rather an isotropic average FRET efficiency ͗E͘ iso (see SI Appendix, Eq. 6) with an apparent distance ͗R DA ͘ iso exp . To compare the experimental results with the model we used all allowed dye coordinates from the model and calculated ͗E͘ iso model ϭ 0.41 and the theoretical apparent distance ͗R DA ͘ iso model ϭ 59 Å. For this special case this is very close to R mp .
For the HF species the PDA derived FRET efficiency is ͗E͘ iso exp ϭ 0.55 giving an experimental mean distance of ͗R DA ͘ iso exp ϭ 54.0 Ϯ 0.4 Å. We assign this species to the intact nucleosome, because it has the most compact structure and the highest stability. The MF species, due to its larger interdye distance of 63.1 Ϯ 0.4 Å (͗E͘ iso exp ϭ 0.31) and its reduced stability is probably less compact. Further evidence for this assignment is presented in Consequences of DNA Unwrapping: The Incomplete and Broken Nucleosome.
Nucleosome Dissociation Does Not Completely Proceed to Free DNA.
Transcription through a nucleosome is postulated to proceed without complete histone dissociation (23) . FRET alone cannot easily distinguish complete from partial dissociation, the dye separation exceeding the FRET range (Ͼ 120 Å). As an additional parameter for the analysis, we computed FCS autocorrelation functions on the data from the nucleosome experiments and compared them to pure DNA fragments. To separate the LFϩDOnly population from contributions by scattered light and by the FRET species (MF and HF), we extended the theory of Enderlein (24) and applied spectrally resolved fluorescence lifetime filters (SI Appendix, section 2.5). Subensemble-filtered FCS curves for the nucleosome sample are compared to free DNA in Fig. 3C . At 25 mM NaCl, the diffusion times increased in the order FRET (HFϩMF), LFϩDOnly and free DNA. Unlike free DNA, all nucleosomal species displayed a distinct correlation term on the s-timescale. Although we cannot assign this term to any particular process, we took it as indication that the LF species was distinct from free DNA, probably still associated with histones.
The NaCl dependence of the diffusion times in Fig. 3D allows further insight into the different species. The FRET species (HF, MF) had constant diffusion times at all [NaCl] , suggesting that their shape did not change significantly before disassembly. Because the diffusion times did not depend on the HF/MF ratio (see Fig. 3B ), MF likely has a hydrodynamic shape similar to a complete nucleosome (HF) with the DNA more loosely bound (lower FRET). We assign MF to an incomplete nucleosome.
At 5 mM NaCl the LFϩDOnly subensemble diffuses fastest. This finding makes an extended DNA structure unlikely: A very open 170-bp DNA should diffuse more slowly than the nucleosome. Because LF is dominant at higher salt (Fig. 3B) , we conclude that the fast-diffusing contribution at low salt is caused by minor DOnly-like contaminations that are masked by the dissociated nucleosomal DNA at higher salt. Because the diffusion time of the LFϩDOnly subensemble approaches that of free DNA for medium salt and slightly exceeds it at high salt, we propose a subspecies lacking histones referred to as broken nucleosome (see Fig. 6 ). At high salt the LF species likely includes a lot of free DNA because the amplitude of the s bunching term in the autocorrelation function drops continuously.
Nucleosome dissociation at higher salt can be suppressed by an excess of unlabeled mononucleosomes (Fig. 4 Upper), shifting the equilibrium toward the compact nucleosome (HF) (Fig. 4 Lower). Dilution causes an increase of the MF species without changing the DA distances. A similar redistribution between closed and opened nucleosome structures upon dilution was observed earlier through the distances between dyes attached to the ends of the nucleosomal DNA (11) . We estimate the dissociation constant for the transition between HF and MF to be in the nM range at 100 mM NaCl.
Geometric Model for Unwrapping of Nucleosomal DNA Explains the
Broad Distribution of FRET Species. To describe the FRET species during DNA dissociation, we computed E histograms using a geometric model based on the crystal structure and dye positions in Fig. 1B (Fig. 5 and SI Appendix, section 2.7). We considered several dissociation modes (Fig. S3 ): (i) quasi-continuous with step size 1 bp; (ii) stepwise at defined ''contact points'' (crossed circles in Fig. 5 ) from either end in 10 to 11 bp steps. The contact points C were identified from the X-ray structure (summarized in Table S3 ); and (iii) stepwise in 5-to 6-bp steps as observed recently for mechanical unzipping of DNA (25) . All combinations of dissociated contacts of the donor and acceptor arm were considered to be equally probable. In reality this assumption may be violated, but this will change only amplitudes, and not the peak positions in the FRET histograms. Using this model, we computed FRET histograms for nucleosome intermediates with partly dissociated DNA at the large step size of 10 bp. For 1-4 broken contact points, mainly 2 narrow distributions of FRET species are expected (Right), which nicely agree with the characteristic values measured for the MF and HF species. Four to eight lost contact points result in a broad E distribution ranging from LF to HF (Left). Using only 5-bp dissociation steps would result in additional FRET states between the MF and HF species (Fig. S3 G-I) . Even smaller step sizes agree less well with the experiment. A quasi-continuous dissociation in 1-bp steps cannot reproduce the characteristic E peaks of LF and MF (see Fig. S3 A-C) .
To uncover eventual intermediate FRET states hidden in the broad MF-HF-distribution as expected for a 5-bp step size, we applied PDA with a model-free approach based on the maximum entropy method (MEM) as an alternative to the Gaussian distance distributions with half-widths of 3.0 Å to describe the MF and HF species in Fig. 2C. MEM-analysis (Fig. S2 F and G) indeed indicates distinct populations of intermediate FRET states, which are less separated at higher salt concentrations. It seems that the loss of the crystallographic contact points is the most important barrier for the dissociation of ds DNA (10-bp step), but intermediate smaller barriers also exist (5-bp step), which are especially visible at low electrostatic shielding (Fig.  S2G) .
Our result, obtained without external forces, nicely agrees with recent data obtained by mechanical unzipping of nucleosomal DNA, which revealed 3 broad structured barriers in the course of dissociation of DNA from the octamer: two lower ones ranging from ϩ30 bp to ϩ50 bp and Ϫ30 to Ϫ50 bp from the dyad axis (magenta quadrant in Fig. 5 ) and a higher one in the vicinity of the dyad (25) . Our proposed MF species corresponds to states with the outer bases already released but none of these barriers completely overcome, whereas in the LF states the lower barriers are already open. Moreover, the disassembly intermediates map the energy landscape indicating major barriers for 10-bp and minor ones for 5-bp DNA unwinding steps.
Consequences of DNA Unwrapping: The Incomplete and Broken Nucleosome. Fig. 6 sketches possible disassembly intermediates. Besides FRET efficiency, the width of the individual distributions is also characteristic. Depending on the progress of disassembly the width of the LF, MF and HF distributions can be either narrow (n) or broad (b), i.e., an HF signal is not per se indicative of an intact nucleosome. Thus, the FRET peak width, presence of other FRET species and measurement conditions are essential to identify the nucleosome species. Besides the prediction of the geometric model there is other evidence that the MF species (R DA ϳ 63 Å, ͗E͘ ϭ 0.31) represents a dissociation intermediate: (i) its accelerated dissociation at higher salt indicates a less stable conformation (Fig. 3 A and B) ; (ii) its stability depends on the absolute nucleosome concentrationunder bulk conditions this population is only a minor species compared to the intact nucleosome, whereas at pM concentrations it comprises the dominant species (Fig. 4, Lower) ; and (iii) the structure is still quite compact with hydrodynamic properties similar to the intact nucleosome (Fig. 3D) .
Our data support the idea that nucleosome dissociation is initiated by H2A/H2B dimer release, probably facilitated by transient unwrapping of one DNA arm. Unwrapping was shown to occur in nucleosomes with apparent lifetimes of the unwrapped state of 100-250 ms (9, 26) . During this time the dimer might partially dissociate from the histone core and prevent DNA rewrapping, leaving several tens of base pairs exposed. Transient opening is also suggested by recent simulations of nucleosome dynamics (27) . Assuming that the DNA stays fully attached to the remaining hexamer, the geometric model pre- dicts an average FRET efficiency ͗E͘ Х 0.32, in very good agreement with the experimental ͗E͘ Х 0.31.
One possible broken nucleosome species may be a tetrasome where both H2A/H2B are dissociated; the (H3H4) 2 tetramer remains attached to the DNA, most likely at the innermost 20-30 bp near the dyad axis. Crystallographic data (2) and force rupture experiments (28) showed these sites to harbor the most intense DNA-histone interactions.
Conclusion
Confocal single molecule FRET analysis of mononucleosome populations shows at least 4 separable molecular subspecies differing in FRET efficiency (HF, MF, LF and DOnly). Analysis of the salt-dependent stability identified these with intermediates in nucleosome disassembly, possibly through partial dissociation starting from one of the linker DNA ends. A stepwise dissociation at salt concentrations exceeding physiological ionic strength has also been suggested in recent bulk FRET fluorimetry (29) and a related histone-histone FRET study (6) . Although the latter suggested a local disruption of dimer-tetramer contacts, it did not provide evidence for complete dimer release. Further bulk in vivo and in vitro data on potential subnucleosomal structures has been reviewed recently (30) . Neither of these studies quantified the coexistence of subspecies under non-perturbative conditions (zero forces, free diffusion, physiological salt and no enzymes involved) although. Our single molecule approach enabled us to follow the interconversion of nucleosomal subspecies and to provide yet unknown structural details on nucleosomes in free solution. Experiments like these have just opened the route for a much more detailed mapping of the energy landscape of nucleosome and chromatin structures, using DNA-histone FRET and systematic variation of label positions.
Materials and Methods
Preparation of Labeled Nucleosomes. Mononucleosomes were reconstituted by salt dialysis from a 170-bp DNA fragment containing a positioning sequence (Selex "Widom 601", sequence; see ref. 31 ) and recombinant X. laevis histones. The DNA was labeled via thymine with C6-linker at 33 bp (Alexa Fluor 594) and 45 bp (Alexa Fluor 488) from each end. Only samples yielding Ͼ80% nucleosomes were accepted. For details see refs. 11 and 31 and SI Appendix, section 1.1.
Single-Molecule Fluorescence Spectroscopy. The experiments were carried out with a confocal epi-illuminated set-up (13) with spectral detection windows for donor (520/66 nm) and acceptor (630/60 nm). The fluorescently labeled complexes were excited by a linearly polarized, active-mode-locked Argon-ion laser (476 nm, 73 MHz, 150 ps). Fluorescence bursts are distinguished from the background of 3-3.5 kHz by applying threshold intensity criteria defined by 0.1-ms interphoton time and 150 photons minimum per burst. All measurements were done at 20°C in TE buffer (10 mM Tris, 0.1 mM EDTA pH ϭ 7.5) supplemented with 0.1 g/L BSA, 1 mM ascorbic acid and NaCl as stated. Experiments were essentially done as in refs. 13 and 14 (for details, see SI Appendix, section 1.2).
